Antimicrobial resistance has emerged as one of the most-significant health care problems of the new millennium, and the clinical microbiology laboratory plays a central role in optimizing the therapeutic management of patients with infection. This minireview explores the potential value of innovative methods for antimicrobial susceptibility testing of microorganisms that could provide valuable alternatives to existing methodologies in the very near future.
Staphylococcus aureus (MRSA) at 16 distinct loci (9) . The predicate method of analysis was a real-time SYBR green PCR assay. The comparator method employed the Sequenom MassARRAY iPLEX SNP typing platform (Sequenom, Brisbane, Australia), which combines multiplexed single-base extension PCR with MALDI-TOF MS of amplicons to determine the location of SNPs. Both methods proved comparable, and the mecA PCR amplicon was successfully identified by MALDI-TOF MS for all 147 strains.
A combination of a primer extension (PEX) reaction with MALDI-TOF MS also led to the detection of ganciclovir resistance mutations in cytomegalovirus (CMV) among viremic heart transplant patients (10) . Compared to a combination of real-time PCR and Sanger sequencing, the PEX/MALDI-TOF MS method disclosed resistance mutations earlier without loss of specificity. Similar analyses of PCR-generated amplicons are the basis for resistance detection using the more-advanced electrospray ionization mass spectrometry (PCR/ESI-MS). In one study, the quinolone resistance-determining regions of parC and gyrA of multidrugresistant strains of Acinetobacter spp. were identified with adequate correlation to BMD testing (11) . Finally, there are a number of examples of MALDI-TOF MS being used to highlight the effects of antimicrobial agents on the protein spectral profile of susceptible organisms. Comparisons of the profiles of Candida albicans grown in the presence of increasing concentrations of fluconazole led to the formulation of a minimal profile change concentration (MPCC) that was defined as the lowest concentration of the drug at which a change in the profile could be documented (12) . The authors found a very high concordance between the MPCC and the MIC values obtained by the CLSI broth-based reference method. Similarly, MALDI-TOF MS was used to assess caspofungin resistance secondary to fks mutations in 34 Candida species and 10 Aspergillus isolates (13) . Strains were exposed to increasing concentrations of caspofungin in a BMD format, along with a drug-free control well, and incubated for 15 h prior to MALDI-TOF MS. For each drug concentration, an MPCC was calculated for each strain. This group found 100% essential agreement for all of the isolates using CLSI breakpoints for MIC or minimal effective concentration (MEC). Only two Candida isolates were incorrectly interpreted as nonsusceptible, generating a categorical agreement of 94.1%.
FC. Flow cytometry (FC) permits changes in the morphology, physiological and metabolic activity, and viability of microorganisms to be followed after exposure to antibiotics. Through a process of staining with nucleic acid dyes that do not permeate the cell walls of healthy organisms, the proportion of cells in a dying or dead state (and everything in between) can be rapidly assessed by examining emission spectra after the cells pass individually through a flow channel and when the dye is excited by a laser (14) . In early studies, a primitive flow cytometer constructed from a fluorescence microscope was used to assess cellular morphology or DNA after bacteria were exposed to antimicrobial agents. It was concluded that the effects of antimicrobial treatment could be detected within a few hours, suggesting a promising application for AST. The earlier studies were also useful for elucidating various dye/fixation combinations that would better differentiate the state of cell viability by FC (15) . In 1997, propidium iodide was used to differentiate live/dead C. albicans cells treated with amphotericin B or fluconazole, which could then be rapidly and sensitively quantified by FC (16) . Similar assays were developed for the echinocandins, caspofungin, and additional azoles (17) . The results of these AST strategies were 96 to 99% concordant with other forms of AST (18) . The overall duration of AST could be reduced from overnight incubations to 1 to 2 h. Also in 1997, bis(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4 [3] ) was used to visualize anionic membrane potential changes using fluorescence, which proved to be very adequate for AST of Escherichia coli (19) . Tests of organisms causing urinary tract infection showed 94% agreement between classical disk diffusion testing and DiBAC4 [3] -FC testing (20) . FC AST was also described for Mycobacterium tuberculosis. Pyrizinamide susceptibility testing by FC was 93% concordant with the Bactec MGIT assay, and the former was conclusive within 24 h (21). For Yersinia spp. also, significantly faster testing was achieved using FC (22) . FC AST was at least 20% faster than classical methods for E. coli, Pseudomonas aeruginosa, and S. aureus, and extended-spectrum ␤-lactamases could be reliably detected by FC in 1 to 2 h (23). Although significant advances in the design and performance of FC instrumentation have occurred, the technology has not yet emerged as a major player in the AST market, although commercial assays have been launched. Some of the perceived hurdles for the methodology are, among others, the ability to differentiate cellular damage caused by cidal versus static antibiotics, autofluorescence of certain bacterial species, and the tremendous amount of work required for verification/validation of the clinical database and the method itself.
Microbial cell weighing by vibrating cantilevers. Cantilevers containing small canals which facilitate microbial passage can be made to vibrate continuously. When bacteria pass through, their weight (in the femtogram range) will cause a change in the frequency of cantilever movement (24) . Less-dense cells will cause a different change than more-dense cells. When cells are treated with antimicrobial agents, their buoyant mass density changes, and this is measurable (25) . The principle has been proven using ampicillin-resistant and -susceptible variants of Citrobacter rodentium. It was also shown that resuscitation of both phenotypes after osmotic shock in the presence or absence of ampicillin allows rapid differentiation in a reduced time span. Cantilevers can be multiplexed using nanotechnology such that multiple antibiotics in various concentrations could be tested for a single growing culture simultaneously.
A rapid biosensor for the detection of bacterial growth was developed using vibrating cantilevers containing a certain number of fixed but still viable bacteria (26) . The change in resonance frequency as a function of the increasing mass on the cantilever forms the basis of the detection scheme. The calculated mass sensitivity according to the mechanical properties of the cantilever sensor is approximately 50 pg/Hz; this mass corresponds to about 100 E. coli cells. The sensor was able to detect active growth of E. coli cells within 1 h. The number of E. coli cells initially attached to the cantilever was on average 1,000 cells. Furthermore, the noninhibited growth of resistant cells could be documented within 2 h after the addition of antibiotics (27) . Cantilever technology has also been used to assess vancomycin binding to cell wall precursors (28) and to measure the effects of colistin on P. aeruginosa (29) .
Using suspended nanochannel resonators (SNRs), it was demonstrated that the measurement of bacterial mass in solution was even more precise. The SNR consisted of a cantilever with an embedded nanochannel. In addition, a new method was introduced that uses centrifugal force caused by vibration of the cantilever to trap particles at the free end of the SNR (30). This approach eliminates the intrinsic position-dependent error of the SNR and also improves the mass resolution by increasing the average "time of presence" for each particle. In addition, it would facilitate the continuous mass monitoring of a limited number of bacteria during (changing) exposure to antibiotics. Clearly, cantilever systems and precise weight measurements provide an interesting option for the development of multiplexed AST.
IMC. Isothermal microcalorimetry (IMC) is a dynamic technique that allows the measurement of heat production either as a flow rate (W/unit time) or as total accumulation over time (Joules/unit time) stemming from the metabolism of actively growing cells. Cumulative heat production generally parallels conventional growth curves in that the slope and shape of the accumulating heat production correspond with classical lag, log, and stationary phases. Maximum heat values represent the total number of cells produced over time (31) . The method has been successfully adapted to small culture volumes (e.g., 1 to 3 ml) and can be used in conjunction with either solid or liquid culture medium (32) . Using IMC, bacterial species identification from urine specimens was performed even at low bacterial counts within 3 h on the basis of dynamic heat flow patterns (33) . When adapted to AST, measurements of heat production are made passively from sealed vials containing the organism, growth medium, and antimicrobial agents in doubling-dilution concentrations. The minimal heat inhibition concentration (MHIC) can be defined as the lowest drug concentration to either inhibit 50% of total heat production or result in a 50% reduction in heat flow rate, depending on the drug being tested. The process requires specific IMC instrumentation (e.g., TAM III; TA Instruments, New Castle, DE) for real-time measurement of heat generation with a detection limit in the 0.2-W range.
The use of IMC for susceptibility testing is not new but has been successfully adapted for AST of bacteria (31), mycobacteria, including M. tuberculosis (32) , and fungi (34, 35) . The advantages of this technique include the following: (i) testing is conducted in sealed ampules, alleviating safety concerns when evaluating highrisk organisms, such as M. tuberculosis or fungal species; (ii) all monitoring during testing is passive and requires no manual manipulation of the test vials; and (iii) the completed analysis provides information about the maximum growth rate of the organism, static versus cidal activity of an agent, and delays to log-phase growth (extended lag phase) caused by the agent. The latter provides useful information concerning antimicrobial activity at subinhibitory concentrations of the drug and can help predict the actual MIC when inhibitory concentrations have not been developed (31) . This is pronounced with fungal testing, where delays or an abbreviation of maximum heat flow can be readily appreciated with subinhibitory concentrations of antifungal agents (34, 35) . Furthermore, IMC is not prone to subjective interpretations, such as trailing MBD wells or the determination of MECs based on morphological changes at a microscopic level. IMC correlates well with BMD testing and CLSI and/or EUCAST breakpoints when net heat production over time is used as a surrogate for growth. As a bonus, IMC can be used to evaluate the synergistic activity of antimicrobial combinations. Chip calorimetry is a monitoring tool for determining the physiological state of biofilms. Its potential use for the study of the effects of antibiotics was tested using an established model. The real-time monitoring potential of chip calorimetry was successfully demonstrated: a dosage of antibiotics initially increased the heat production rate, probably due to activity of energy-dependent resistance mechanisms (36) . The subsequent reduction in heat production was probably due to the loss of activity and the death of the biofilm. This new analytical tool provided fast, quantitative, and mechanistic insights into the effects of antibiotics on biofilm activity. In short, the maximum bacterial growth rate and the start of the lag phase can be quantified by microcalorimetric technology in an affordable and sensitive manner. Hence, antibiotic-associated changes in these parameters can be efficiently measured as well.
Magnetic bead rotation. When magnetic beads are brought into a revolving magnetic field, they self-assemble and assume a specific rotational spin. The frequency of rotation can be influenced by the binding of molecules, viruses, or bacteria. So, if the beads are equipped with a ligand that specifically captures bacterial cells, the rotation of the beads changes at the moment of capture. This change can be measured. If all beads in a broth culture are paired with one or two cells, something that can be accomplished by incubating ligand-modified beads with a diluted bacterial suspension followed by washing, they will resume a constant rotational frequency. As bacteria start to divide, the rotation frequency changes. If cell division is inhibited or blocked by antimicrobials due to susceptibility, the change is arrested. If the bacteria are resistant to the antimicrobial applied, again, a change in rotational frequency occurs. In this way, antimicrobial resistance can be detected and precisely quantified.
A growth-based antimicrobial susceptibility assay based on asynchronous magnetic bead rotation (AMBR) biosensors has been described (37) . In this system, the effects of bacterial growth on the rotation and shape of a cluster of self-assembling magnetic microbeads in a rotating magnetic field can be observed over time. The rotational period (RP) is indirectly proportional to the drag coefficient of the surrounding medium containing bacteria, broth medium, and antimicrobial agents at various dilutions. The RP increases as organisms multiply and attach to the organism-specific antibody-coated beads or if the viscosity of the growth medium is altered. The addition of antimicrobial agents in increasing concentrations prevents an increase in RP over time. This process can be observed directly by illuminating the culture broth (in the form of a hanging drop) with a light-emitting diode (LED) or laser. The hanging-drop format also acts as a lens to create magnification of up to 100ϫ such that the structure and rotational rate of the bead aggregates can be observed microscopically or when projected onto a detector. Serial 2-fold dilutions of streptomycin and gentamicin were added to Mueller-Hinton broth containing antibody-sensitized magnetic beads prebound to a standardized inoculum of E. coli. A hanging drop was formed with the mixture that was subjected to an oscillating magnetic field. Changes in the RP were observed microscopically over time and recorded. As expected, the RP increased relative to bacterial growth, with solutions containing higher concentrations of antibiotic demonstrating the lowest increases. This method can be miniaturized to nanoliter-volume water-in-oil droplets containing 50 or fewer bacterial cells per droplet (38) . These changes substantially reduced the duration of a test.
Testing in microdroplets. Micro-or nanodroplets can be used as small individual reaction wells. The droplets can be individually manipulated, and when they contain bacteria in sufficient numbers, the metabolic activity and viability of cells can be monitored. The development of this system became feasible once the emulsification process was refined and the long-term stability of the droplets could be guaranteed (39) . A system consisting of 100-nl droplets containing 10 3 bacteria per droplet and differing concentrations of antibiotics was developed (40) . By following the droplets over time using epifluorescence, growth curves can be monitored at each drug concentration. More recently, droplets were prepared that contain a single bacterial cell (41) . This technology can be miniaturized and easily multiplexed with respect to the number of antibiotics tested per organism The duration of testing can be as short as a single or a few bacterial replication cycles. Obviously, the assessment of technical reproducibility and development of adequate reference MIC databases will be necessary before this approach can be evaluated as a routine AST tool.
TECHNOLOGIES FOR APPLICATION IN THE MORE-DISTANT FUTURE
Several innovative AST methods have been designed and presented over the past decade (Table 1 , Long-term alternatives), but most are far from introduction into routine clinical microbiology. Some, including bacteriophage-based AST, may be closer than the others. The bacteriophage-based strategy has been successfully adapted for testing of M. tuberculosis (42) , with optimization achieved by including recombinant phages containing luciferase genes (43) . It was shown that the luciferase assay could be performed at low cost in 2 days (44) and could be applied successfully in laboratories in developing countries (45) . Unfortunately, this innovative approach has not been broadly accepted in diagnostic microbiology laboratories, probably due to contamination (46) or phage resistance issues. As stated above, as promising as some innovative methods may seem to be, broad acceptance has not yet been achieved.
Real-time microscopy is one of the innovative technologies that may be applicable to AST in the not-too-distant future. Highresolution camera-based systems have been commercialized, and these show a high degree of efficacy (47) . This technology has been extended for use with microcolonies and serial photography in the presence or absence of antibiotics. Such technologies can generate a "1-day AST" for bacteria from positive blood culture bottles (48) . This demonstrates that simple, seemingly old-fashioned test formats can still be adapted into systems that better serve the patient's needs.
Several modern technologies have been proposed as being possible long-term future alternatives to today's technologies in the clinical microbiology laboratory; these are briefly described in Table 1. Proof of principle has been demonstrated, and in some cases, the first trials of feasibility have been published. However, for all of these strategies, database development has yet to be completed, and until then, the prospects of these technologies remain nebulous.
CONCLUSIONS
Conventional AST has its diagnostic limitations: it is generally time-consuming, and actionable results have a tendency for late arrival. The current methods are very solid and well-respected and do generally have CE and FDA certification. Any new technology has to compete with current reference standards, and the method that shows significant improvements has yet to be published. As we described here, several technologies may be knocking on the door shortly.
